SYNOPSIS. Internal hypoxia in vertebrates occurs during anemia, when blood oxygen (O 2 ) carrying capacity is reduced, or during exposure to environmental hypoxia. In non-altitude adapted vertebrates, exposure to environmental hypoxia results in a change in blood O 2 affinity which, in some cases is beneficial to tissue O 2 delivery. In contrast, the elevation in blood O 2 carrying capacity observed in almost all vertebrates is always beneficial to tissue O 2 delivery (assuming no large changes in blood viscosity) and may be more important than changes in blood O 2 affinity in maintaining tissue O 2 delivery.
INTRODUCTION
The oxygen (O 2 ) cascade from environment to mitochondria can only be maintained in vertebrates through the interaction of a suite of physiological processes. If the interaction between these processes is interrupted, the consequences can be severe. The external gas exchange organ represents the first interface between the animal and the environment. The influx of O 2 may be limited by ventilation, perfusion or diffusion depending upon the specific conditions to which an animal is exposed. The circulatory system acts as the conduit for gas transport from the gas exchange surface to the tissues, where O 2 delivery may be limited by perfusion or diffusion. During an environmental disturbance, survival of any animal is dependent upon the appropriate physiological and behavioral adjustments at all levels. The focus of this discussion is centered on the responses at the level of the blood during The physiological responses to environmental hypoxia in vertebrates have been the focus of vigorous research for well over a century (Ward et al., 1989) . During relatively short term exposure to hypoxia two adaptive responses have been clearly demonstrated to be of benefit in maintaining conditions for aerobic metabolism in vertebrates (Bouverot, 1985) . An increase in ventilation volume is the first and most important adaptive parameter in the ascent to high altitude in mammals (Lenfant et al., 1971; West, 1982) enhancing O 2 delivery to the tissues (Bouverot, 1985) . The blood O 2 capacitance is affected by blood O 2 affinity, hemoglobin (Hb) concentration, and the shape of the O 2 equilibrium curve. Of these parameters, the adaptive significance of a change in blood O 2 affinity during exposure to hypoxia has received the most attention and has been reviewed extensively (Bauer, 1974; Wood and Lenfant, 1976; Willford et ai, 1982) .
Blood oxygen affinity is conventionally expressed as the Po 2 at which 50% of the Hb in the blood is saturated (P 50 )-Assuming saturation of arterial blood is complete and arterial-venous oxygen extraction remains constant, an increase in P 5 0 of the blood results in an increase in the diffusion gradient for O 2 and an increase in venous Po 2 (P v o 2 ). Using P v o 2 as an indicator of tissue oxygenation, an increase in P 50 under these conditions can be argued to be beneficial to oxygen delivery. This point is illustrated in Figure 1 where P v o 2 levels are calculated over a broad range of P a o 2 for four different blood P 50 values at constant O 2 extraction of 25% of total capacity. During exposure to hypoxia, P a o 2 falls and an increase in P 50 of the blood may compromise oxygen loading at the gas exchanger reducing saturation of arterial blood and ultimately reducing P v o 2 . At some point a decrease in P 50 results in an increase in P v o 2 which is indicated in Figure 1 by the region where the lines for different P 50 values cross. This analysis indicates that an increase in P 50 is beneficial to tissue O 2 delivery during normoxia and moderate hypoxia, but a decrease in P 50 is beneficial at more extreme levels of hypoxia (Turek et a/., 1973) . The general validity of these pre-dictions has been confirmed by direct measurement of arterial and venous blood gases in resting rats at several levels of hypoxia (Turek et al., 1978) .
Short term exposure of lowland vertebrates to high altitude or severe hypoxia results in variable changes in P 50 . Generally, humans and domestic mammals not acclimatised to altitude exhibit a small increase in P 50 (Lenfant et al., 1971; Bouverot, 1985) , mediated through an increase in the concentration of 2,3-diphosphoglycerate (2,3-DPG), a negative allosteric effector of Hb-O 2 affinity. The hyperventilatory response associated with altitude exposure often results in a respiratory alkalosis which may counteract the effect of an increase in 2,3 DPG resulting in no change in P 50 (Weiskopf and Severinghaus, 1972) or a decrease in P 50 (Winslow, 1984; Mairbaurl, 1994) . In birds, the general response is a slight increase in P 50 , but this is not universal (McGrath, 1971) .
Less information is available on the changes in P 50 in lower vertebrates during exposure to hypoxia. In fish, P 50 generally decreases during short term exposure to hypoxia (Wood and Johansen, 1972) , the magnitude of which is correlated with the degree of hypoxia (Tetens and Lykkeboe, 1981) . In tadpoles there is no change in P 50 of the blood in hypoxia, but a large decrease in P 50 has been observed in adult frogs (Rana catesbeiana; Pinder and Burggren, 1983) . In contrast, no change in P 50 was observed in the toad Bufo marinus (Wells et al., 1989) . In salamanders, P 50 decreased during exposure to hypoxia (Wood et al., 1982) while almost nothing is known to this end in reptiles (Pough, 1980) . Thus, short term exposure of vertebrates to hypoxia results in varied changes in P 50 . By virtue that a change has occurred, the response is thought to be adaptive; however, the degree to which the changes in P 50 benefit O 2 delivery to the tissues remains predominantly speculative.
Some experimental evidence indicates that a low P 50 is beneficial during hypoxic exposure. In a study on humans, Hebbel et al. (1978) found that two subjects with a low P 50 (due to a hemoglobin mutation known as Andrew-Minneapolis) could sustain a higher O 2 consumption at an altitude of 3100 m than their siblings who had "normal" blood O 2 affinity. In rats, mortality in severe hypoxia (barometric pressure of 233 mmHg) was decreased following a reduction in P 50 induced through intraperitoneal injections of sodium cyanate (Eaton et al., 1974; Penney and Thomas, 1975 In contrast to the variable changes in P 50 during exposure to hypoxia, most vertebrates increase blood O 2 carrying capacity during short term exposure to hypoxia by increasing the number of circulating red blood cells in the blood (polycythemia). The polycythemic response was first reported in humans in 1890 and has since been documented in a variety of mammals and birds (see Monge and Leon-Velarde, 1991; McGrath, 1971) , reptiles (Hillyard, 1981) , amphibians (Hutchison et al., 1976; Pinder and Burggren, 1983) and fish (Wood and Johansen, 1972; Tetens and Lykkeboe, 1981) . The degree of polycythemia and the duration over which it occurs in vertebrates is dependent upon environmental conditions and interspecific and intraspecific differences (cf., Bouverot, 1985; Monge and Leon-Velarde, 1991) and there are examples where no change in hematocrit has been observed (i.e., Wells et al., 1989) .
At constant tissue metabolic rate and blood flow, an increase in blood O 2 carrying capacity will elevate P v o 2 and improve conditions for tissue oxygenation. Surprisingly, few analyses have been conducted on the influence of polycythemia on tissue oxygenation (cf., Tenney, 1995) . In Figure  2 , we have compared the effect of altered blood O 2 carrying capacity and/or P 50 on P v o 2 levels. We have performed this analysis at three levels of hypoxia using data obtained in humans during the Mount Everest expedition (Winslow, 1984; see Figure  2 (data from Winslow, 1984) . We assumed a Hill number of 2.5 and based all calculations on an arterialvenous O 2 difference of 5mM. the analysis). At the two lowest altitudes (6300 m and 8050 m), in vivo P 50 decreased slightly whereas blood O 2 carrying capacity increased by more than 20%. The increased blood O 2 carrying capacity was responsible for an increase in P v o 2 of approximately 4 mmHg, while the change in P 50 was virtually without effect. Under the most severe level of hypoxia encountered on the expedition (8848 m), the change in P 50 was large (10 mmHg), and in the absence of a change in capacity it accounted for an increase in P v o 2 of 3-5 mmHg at a P a o 2 of 28-30 mmHg. In the absence of a change in P 50 , however, the increase in blood O 2 carrying capacity elevated P v o 2 by 5 to 6 mmHg. The in vivo response, which consisted of the combined effect of increasing capacity and decreasing P 50 , elevated P v o 2 by 6-8 mmHg. Although the model is influenced by the specific parameters in the calculations, the elevation in O 2 carrying capacity was beneficial to tissue O 2 delivery at all altitudes while this was only true for changes in P 50 at the highest altitude. At all altitudes the benefit to tissue O 2 delivery was greater due to the polycythemic response than due to changes in P 50 .
The analysis in Figure 2 neglects the effect of polycythemia on blood viscosity and the increase in metabolic work required to overcome the increased resistance to blood flow. The degree to which this effect will influence the model is unknown but the changes in Hb concentration modelled above are moderate and would not be expected to impart large metabolic costs through viscosity effects. At some point polycythemia will obviously become maladaptive. An extreme pathological condition is observed in "Monges disease" or "chronic mountain sickness" where the hematocrit (Hct) in Andean natives living at altitude may reach 83% (cf. Bouverot, 1985) ! The model also assumes no change in blood volume associated with an increase in Hct while often blood volume increases with an increase in Hct. Assuming a constant metabolic rate, an increase in blood volume in conjunction with an increase in Hct will result in an underestimate of the changes in P v o 2 due to an increase in carrying capacity reported in Figure 2 .
The polycythemic response in vertebrates exposed to hypoxia is not always considered to be adaptive because animals genotypically adapted to altitude do not exhibit an elevation in Hct (see reviews by Bouverot, 1985; Monge and Leon-Velarde, 1991) . Altitude adapted animals often possess low P 50 values and consequently low P v o 2 levels indicating that adaptation has occurred at the tissue level eliminating additional metabolic costs associated with an elevated Hct (Tenney, 1995) . However, in animals not genotypically adapted to altitude, the polycythemic response during exposure to hypoxia may be equally or more important than changes in P 50 in maintaining O 2 delivery to the tissues (Fig. 2) .
ANEMIC HYPOXIA Oxygen delivery to the tissues can also be reduced during anemia when blood O 2 carrying capacity is reduced by metabolic   FIG. 2 . The effect of changes in blood O 2 carrying capacity and/or blood O 2 affinity on P v o 2 at three levels of environmental hypoxia. The hematological data used in this analysis were measured by Winslow (1984) and are presented in Table 1 . At each altitude, P v o 2 was calculated (as described in Figure 1 ) under three different conditions: A) by applying the measured increase in blood O 2 carrying capacity (maintaining P 50 at the sea level value), B) by applying the measured decrease in P 50 (maintaining capacity at the sea level value) and C) by applying the measured changes in both affinity and capacity. The calculated P V O 2 for conditions A-C were then subtracted from the P v o 2 value obtained in the absence of any change in capacity or affinity and is displayed on the vertical axis. A positive P v o 2 value indicates an elevation in P v o 2 associated with the change in respective parameter(s) while a negative value indicates the reverse. The hatched areas represent the estimated P a O 2 values at the given altitude. disorders, dietary constraints, or excessive bleeding from injury. Assuming that blood flow and metabolic rate do not change, a reduction in blood O 2 carrying capacity results in a decrease in P v o 2 (Fig. 3 ). An increase in P 50 during anemia can safeguard P v o 2 provided that O 2 loading at the gas exchanger is not disturbed. Although similarities exist between environmental hypoxia and anemia at the tissue level, anemia does not result in a reduction in Po 2 at the gas exchange surface and O 2 uptake will not be compromised by an increase in P 50 as is observed in environmental hypoxia. Therefore during anemia an increase in P 50 is always beneficial in sustaining O 2 delivery to the tissues. Several studies on humans (Eaton and Brewer, 1968; Woodson et al., 1978) , domestic mammals (Dhindsa et al., 1971) , and fish (Lane et al., 1981; Val et al., 1994) demonstrate that P 50 is indeed increased during anemia. In mammals, the increase in P 50 is due to increased levels of red cell 2,3-DPG, whereas the response in fish can be ascribed to increases in red cell triphosphates such as ATP and GTP (collectively referred to as NTP; Val et al., 1994) . Recently, we have shown that amphibians also increase the NTP:Hb ratio during isovolemic anemia (where red cell numbers are reduced but total blood volume is maintained constant; Fig. 4 ), indicating that an increase in P 50 appears to constitute a universal response among vertebrates to anemic hypoxia.
In fish, the process of NTP regulation is especially interesting. Despite the fact that tissue hypoxemia occurs during exposure to environmental hypoxia and during experimental anemia, the NTP:Hb ratio is regulated in opposite directions in these two conditions. That is, environmental hypoxia induces a reduction in the NTP:Hb ratio (Wood and Johansen, 1972; Tetens and Lykkeboe, 1981) while experimental anemia induces an increase in the NTP: Hb ratio (Lane et al., 1981; Val et al., 1994) . The means through which NTP is regulated under these conditions is largely unresolved, but appears to be correlated with changes in blood pH (Jensen et al., 1990) . Although an increase in P 50 has been demonstrated to be beneficial in maintaining oxygen delivery to the tissues, the change in blood O 2 affinity comprises only part of the compensatory response to anemia. A large increase in cardiac output during experimental anemia has been observed in the absence of a change in metabolic rate in mammals, reptiles, amphibians, and fish (Woodson et al., 1978; Wood et al., 1979; Wang et al., 1997 ). An increase in cardiac output is the most rapid and possibly most important response to anemia. In fish an increase in ventilation volume has also been observed (Wood et al., 1979) .
CONCLUSION
During exposure to environmental hypoxia or anemia there are a suite of physiological processes which are involved in compensating for the disturbance in O 2 delivery to the tissues. During exposure of non-altitude adapted vertebrates to environmental hypoxia, the measured changes in blood P 50 are often but not always beneficial to tissue O 2 delivery. The polycythemic response however, which occurs in almost all non-altitude adapted vertebrates, is always beneficial to tissue oxygen delivery provided that the increase in Hct is moderate. During an ascent of Mt. Everest the measured increase in oxygen carrying capacity of the blood in climbers, resulted in an increase in calculated P v o 2 at all altitudes. Only at the highest altitude reported did the measured changes in P 50 result in an increase in calculated P v o 2 but always less than that observed due to the polycythemic response. Therefore, in non-altitude adapted vertebrates, changes in oxygen carrying capacity of the blood may be more important than changes in P 50 in maintaining tissue O 2 delivery. In contrast with the variable changes in P 50 during exposure to environmental hypoxia, experimental anemia results in an increase in P 50 in all vertebrates examined which is always beneficial to O 2 delivery.
